Part VI analytically examines time-domain (TD) photon diffusion in a homogeneous medium enclosed by a "concave" circular cylindrical applicator or enclosing a "convex" circular cylindrical applicator, both geometries being infinite in the longitudinal dimension. The aim is to assess characteristics of TD photon diffusion, in response to a spatially and temporally impulsive source, versus the line-of-sight source-detector distance along the azimuthal or longitudinal direction on the concave or convex medium-applicator interface. By comparing to their counterparts evaluated along a straight line on a semi-infinite medium-applicator interface versus the same source-detector distance, the following patterns are indicated: (1) the peak photon fluence rate is always reached sooner in concave and later in convex geometry; (2) the peak photon fluence rate decreases slower along the azimuthal and faster along the longitudinal direction on the concave interface, and conversely on the convex interface; (3) the total photon fluence decreases slower along the azimuthal and faster along the longitudinal direction on the concave interface, and conversely on the convex interface; (4) the ratio between the peak photon fluence rate and the total fluence is always greater in concave geometry and smaller in convex geometry. 
INTRODUCTION
The spatial-temporal distributions of photon density in a diffusing medium in response to impulse stimulation carry the information of isotropic scattering and absorption of the medium. Time-resolved measurement of photon diffusion has enabled probing of highly scattering biological tissues, including brain [1, 2] , breast [3, 4] , forearm [5] , other thick tissues or media [6, 7] , and characterization of fluorescent emissions [8] [9] [10] [11] . In terms of where the optical applicator is placed for measuring the diffusing medium, three idealized interfacing geometries can be inferred: (a) a semi-infinite boundary separating a plain diffusing medium from a void nondiffusing medium; (b) a "concave" geometry wherein a plain diffusing cylinder is embedded in a void nondiffusing medium, as imaging forearm closely resembles; (c) a "convex" geometry wherein a void nondiffusing cylinder is within a diffusing medium, as transrectal imaging of prostate essentially is.
Diffuse photon propagation in complicated mediumapplicator geometries have been modeled extensively. Despite the versatility of numerically modeling photon diffusion using tools such as the finite element method [12] [13] [14] [15] , analytically rendered understanding of photon diffusion in geometries more complex than the semi-infinite one is of fundamental interest. A handful of theoretical modeling works have been developed toward photon diffusion in "concave" geometries of infinite or finite longitudinal dimensions [16] [17] [18] [19] [20] . The "convex" geometries have only recently become the subject for diffuse optical imaging, in the focused interest of interrogating internal organs like prostate [9, [21] [22] [23] [24] , and as such many aspects of photon diffusion in the "convex" geometries are yet to be fully understood.
We recently developed an analytical framework of modeling photon diffusion in both "concave" and "convex" geometries of infinite longitudinal dimension. The unified analytical treatment of photon diffusion in both "concave" and "convex" geometries, in comparison to "semi-infinite" geometry to which the "concave" and "convex" geometries approach as the radius becomes infinite, has been demonstrated for continuous-wave (CW) [25] , frequency-domain (FD) [26] , and CW fluorescence [27] measurements. This particular study extends the analytical methodology introduced in [25] [26] [27] to modeling time-domain (TD) photon diffusion in the specific "concave" and "convex" geometries. The objective is to examine the effect of the "concave" or "convex" shape of the medium-applicator interface and the dimension (radius) of the interface on TD photon diffusion. Notwithstanding that the equation of TD photon diffusion is an inverse Fourier transform of the equation of FD photon diffusion; direct analytical treatment of TD photon diffusion may manifest more explicitly how the features of TD photon diffusion are affected by the shape and the radial size of the "concave" or "convex" medium-applicator interface. The features useful to characterizing TD photon diffusion may include the time to reaching the peak fluence rate, the amplitude of the peak fluence rate, the broadening of the temporal profile, and the total fluence. Part VI compares these features of TD photon diffusion in "concave" and "convex" geometries in the case of infinitely long medium-applicator interface that bounds a homogeneous diffusing medium internally or externally, to those in a semi-infinite geometry for the same line-of-sight source-detector distance. The effects of the shape and radius of the interface to TD photon diffusion are visualized by approximating the analytical solutions of TD photon diffusions in "concave" and "convex" geometries with large-radius conditions. The analytically indicated features of TD photon diffusion are found consistent with the trends inferred by the inverse Fourier transform of previously demonstrated FD results.
GEOMETRIES CONSIDERED AND PHOTON DIFFUSION FEATURES TO BE EXAMINED
We consider a scattering dominant medium with a diffusion coefficient D 1∕3μ a μ 0 s , where μ a is the absorption coefficient and μ 0 s is the reduced scattering coefficient. In cylindrical coordinates, we are concerned about diffuse photon propagation from a source at ⃗ r 0 ; t 0 ρ 0 ; φ 0 ; z 0 ; t 0 to a detector at ⃗ r; t ρ; φ; z; t, where t > t 0 . This study conducts TD analysis in four cases [21] [22] [23] , including infinite geometry, semi-infinite geometry, "concave" geometry of infinite longitudinal dimension, and "convex" geometry of infinite longitudinal dimension. These four cases of medium geometry are collectively re-illustrated in Fig. 1 for the convenience of referencing.
A. Infinite Geometry and Semi-Infinite Geometry A medium of infinite geometry is illustrated in Fig. 1(A) , wherein the source is regarded as being isotropic. A medium of semi-infinite geometry with the physical source and the detector located on the medium boundary is depicted in Fig. 1(B) . In the semi-infinite geometry it becomes convenient to assign the same radial and azimuthal coordinates to the physical source and the detector. The physical source ⃗ r 0 ρ; φ; z 0 in the semi-infinite geometry launches photon into the medium at an initial direction orthogonal to the mediumapplicator interface, and the resulted diffusion is treated as excited by an equivalent "real" isotropic source located one step of transport-scattering, represented by R a 1∕μ 0 s , into the medium. The "real" isotropic source ⃗ r 0 real has the coordinates of ρ − R a ; φ; z 0 for the origin at the medium side or ρ R a ; φ; z 0 for the origin at the opposite to the medium side. The effect of the medium-applicator interface on photon diffusion may be modeled by an extrapolated zero-boundary condition [28] , which sets zero the photon fluence rate on an imaginary boundary located at a radial distance of R b 2AD away from the physical boundary, where A 1 R eff ∕1 − R eff , and R eff is a coefficient [29] related to the refractive index differences across the physical boundary. This extrapolated zero-boundary condition is conveniently accommodated by setting a sink or a negative "image" of the "real" isotropic source, with respect to the extrapolated boundary. The "image" source for the semi-infinite geometry has the opposite strength of the "real" isotropic source and locates at ⃗r 0 real , which has the coordinates of ρ R a 2R b ; φ; z 0 for the origin at the medium side or ρ − R a − 2R b ; φ; z 0 for the origin at the opposite to the medium side. The distances from the detector to the "real" isotropic source ⃗r 0 real and the "image" source ⃗r 0 imag are denoted by l r and l i , respectively. The notations of l r j⃗r − ⃗r 0 real j and l i j⃗r − ⃗r 0 imag j also apply to other studied medium geometries involving a boundary. In all studied geometries, the straight distance between the physical (B) Semi-infinite geometry, wherein the source and the detector are positioned on the physical boundary of the medium, and it becomes convenient to assign the same radial and azimuthal coordinates to the source and the detector. (C) Concave geometry and (D) convex geometry. In both (C) and (D) the physical directional source and the detector are on the medium-applicator interface, and they locate at R 0 ; φ 0 ; z 0 and R 0 ; φ; z, respectively. In the concave geometry of (C), the equivalent isotropic source locates inwardly w.r.t the curvature of the interface at R 0 − R a ; φ 0 ; z 0 , and the image of the equivalent isotropic source w.r.t the concave boundary locates at a to-bedetermined radial position of ρ ? ; φ 0 ; z 0 , which will reach R 0 R a 2R b ; φ 0 ; z 0 as the radius of the concave geometry increases toward infinity. In the convex geometry of (D), the equivalent isotropic source locates outwardly w.r.t the curvature of the interface at R 0 R a ; φ 0 ; z 0 , and the image of the equivalent isotropic source w.r.t the convex boundary locates at a to-be-determined radial position of ρ ? ; φ 0 ; z 0 , which will reach R 0 − R a − 2R b ; φ 0 ; z 0 as the radius of the convex geometry increases toward infinity.
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Vol. 31, No. 10 / October 2014 / J. Opt. Soc. Am. Asource and the detector d j⃗r − ⃗r 0 j is referred to as the "lineof-sight" source-detector distance, and hereafter specified as source-detector distance. It is with respect to this d that the characteristics of TD photon diffusion are to be evaluated among different geometries.
B. Concave Geometry and Convex Geometry
This study specifies the "concave" geometry as a diffusing medium being enclosed by an infinitely long cylindrical applicator, as is illustrated in Fig. 1(C) , and the "convex" geometry as a diffusing medium enclosing an infinitely long cylindrical applicator, as is illustrated in Fig. 1(D) . The radius of the cylindrical applicator of both geometries is R 0 , then a detector ⃗r on the medium-applicator interface locates at R 0 ; φ; z, and a directional source ⃗r 0 on the medium-applicator interface locates at R 0 ; φ 0 ; z 0 . The geometric symmetry requires that in the concave geometry the directional source ⃗ r 0 be modeled by a "real" isotropic source ⃗r 0 real positioned along the radial direction of ⃗ r 0 and inwardly at a radial distance of R a 1∕μ 0 s , i.e., at R 0 − R a ; φ; z. Similarly in the convex geometry the directional source ⃗r is to be modeled by a "real" isotropic source ⃗r 0 real locating along the radial direction of ⃗r 0 real and outwardly at a radial distance of R a 1∕μ 0 s , i.e., at R 0 R a ; φ; z. For concave geometry the extrapolated zeroboundary is concentric with and at a radial distance of R b 2AD outward from the physical boundary, and similarly for convex geometry the extrapolated zero-boundary is concentric with and at a radial distance of R b 2AD inward from the physical boundary.
Apparently as the radius R 0 of either concave or convex geometry reaches infinity, the photon fluence rate associated with a source-detector pair on the "concave" or "convex" medium-applicator interface shall reach that on the semiinfinite medium interface, for the same source-detector distance. This characteristic serves as the gauge to the results developed for concave and convex geometries.
C. Time-Domain Characteristics to be Examined A source that is spatially impulsive at ⃗r 0 with an intensity ofŜ and temporally impulsive at time "0" is represented bŷ s⃗r 0 ; 0 Ŝδ⃗r − ⃗r 0 δt. The cap "ˆ" ofŝ orŜ is a TD notation representing an "impulse," for it to be differentiated from the CW notation of "−" and alternating-current (AC) notation of "∼" used for FD analysis [26] . The photon fluence rate originating fromŝ⃗ r 0 ; 0 and measured at ⃗r and at time t is expressed byΨ⃗r 0 ; 0j ⃗r; t. The equation of TD photon diffusion in a homogenous medium is [30] ∇ 2Ψ ⃗r 0 ;0j ⃗r;t − μ a DΨ ⃗r 0 ;0j ⃗r;t− 1 Dc
where c is the speed of light in the medium. Due to the propagation through diffusive medium, the temporal profile of Ψ⃗r 0 ; 0j ⃗r; t experiences a broadening as well as a reduction in the magnitude, as illustrated in Fig. 2 . TD photon diffusion may therefore be characterized by the following set of parameters:
• the time for the photon fluence rate to reach the peak, represented by t max .
• the peak photon fluence rate, represented bŷ
• the total photon fluence, represented bŷ
• a temporal modulation index (TMI), represented by
LAPLACE TRANSFORM OF TIME-DOMAIN PHOTON FLUENCE RATE
The Laplace transform (LT) is utilized to develop the general solution of TD photon diffusion in the infinite medium, then the "image" source method is applied to find the solution of TD photon diffusion in the semi-infinite, concave, and convex geometries.
A. Source and Detector in an Infinite Medium Geometry
The LT of Eq. (1) leads to
and the solution of which,Ψ inf ⃗r 0 ; 0j⃗ r; s, is associated with a source-detector pair in a homogenous medium of infinite geometry and set as the "free-space" solution. By following the method of Part I or Part IV [25, 26] , we can find the solution to Eq. (5) in cylindrical coordinates aŝ
where I m and K m are the m-th order modified Bessel functions of the first and the second kinds,
Fig. 2. Diffuse medium causes broadening of the temporal profile of the photon fluence rate originating from an impulse source. The peak of the broadened temporal profile is denoted by Ψ max , and the time to reach Ψ max is denoted by t max .
and ρ < and ρ > are, respectively, the smaller and larger radial coordinates of the source and the detector. TheΨ inf ⃗r 0 ; 0j⃗ r; s of Eq. (6) can also be expressed in spherical coordinates aŝ
B. Source and Detector on a Semi-Infinite Interface We considerΨ semi ⃗r 0 ; 0j⃗r; s associated with a homogeneous medium of semi-infinite geometry, as shown in Fig. 1(B) . If the origin locates in the medium side, we have ρ < ρ − R a and ρ > ρ between the radial coordinates of ⃗r and the "real" isotropic source ⃗r 0 real , and ρ < ρ and ρ > ρ R a 2R b between the radial coordinates of ⃗r and the "image" source ⃗r 0 imag . If the origin locates at the opposite to the medium side, we have ρ < ρ and ρ > ρ R a between the radial coordinates of ⃗r and the "real" isotropic source ⃗r 0 real , and ρ < ρ − R a − 2R b and ρ > ρ between the radial coordinates of ⃗r and the "image" source ⃗r 0 imag . Using the extrapolated zero-boundary condition, the "image" method, and the linearity of LT, we have, depending on the location of the origin, that
C. Source and Detector on a Concave Interface The cylindrical-coordinates solution ofΨ conC ⃗r 0 ; 0j⃗ r; s associated with a source-detector pair on the concave mediumapplicator interface can be derived following the approaches for CW photon diffusion in concave geometry as shown in Section 3.A of Part I [25] . The result iŝ
(10.conC)
D. Source and Detector on a Convex Interface
The cylindrical-coordinates solution ofΨ conV ⃗r 0 ; 0j ⃗r; s associated with a source-detector pair on the convex mediumapplicator interface can be derived following the approaches for CW photon diffusion in convex geometry as shown in Section 3.B of Part I [25] . The result iŝ
(10.conV)
TIME-DOMAIN PHOTON FLUENCE RATE VERSUS SOURCE-DETECTOR DISTANCE IN INFINITE, SEMI-INFINITE, AND CONCAVE AND CONVEX GEOMETRIES OF LARGE RADIUS A. Source and Detector in an Infinite Medium Geometry
The inverse LT ofΨ inf ⃗r 0 ; 0j ⃗r; s in Eq. (8), using a LT pair [31] 
shifting property of LT, provides the well-known form [32] ofΨ inf ⃗r 0 ; 0j ⃗r; t for an infinite homogenous medium:
Hereafter, j ⃗r − ⃗r 0 j may be replaced by d for convenience.
B. Source and Detector on a Semi-Infinite Interface
The inverse LT ofΨ semi ⃗r 0 ; 0j⃗ r; s in Eq. (9) can be found by using the spherical-coordinates representation of Eq. (8) for each of the two contributingΨ inf ⃗r 0 ; 0j ⃗r; s terms in Eq. (9), and subsequently using Eq. (11), aŝ
where we have
as shown in Fig. 1(B) . At the condition of diffuse photon measurement, d ≫ R a ; R b , Eq. (12) is approximated to
C. Source/Detector on a Concave Interface of Large Radius
We analyze the photon fluence rate associated with a concave geometry with a radius much greater than the source-detector distance, and the source-detector distance is in the diffusion regime, i.e., R 0 ≫ d ≫ R a ; R b . Then Eq. (10.conC) is rewritten (see Subsection 3.A.2 in Part I) aŝ
whereΨ inf R 0 R a 2R b ; φ 0 ; z 0 ; 0jR 0 ; φ; z; s is associated with ⃗r and the image of the "real" isotropic source at ⃗r 0 real with respect to the imaginary planar boundary that is tangential to the concave geometry at ⃗ r 0 . Taking the inverse LT of Eq. (15.conC) and using Eq. (11) for the respective photon fluence rates we havê
The acute angle formed by ⃗r − ⃗r 0 and the azimuthal plane is α as shown in Fig. 3(A) , and
Then following the approach of Part III [33] , thê Ψ conC ⃗r 0 ; 0j ⃗r; t expressed by Eq. (16.conC) simplifies tô 
The acute angle formed by ⃗r − ⃗r 0 and the azimuthal plane is α as shown in Fig. 3(B) , and
Then following the approach of Part-III [33] , thê Ψ conV ⃗r 0 ; 0j⃗r; t expressed by Eq. (16.conV) simplifies tô
(14.conV)
In deriving Eq. (14.conV) a term [23] of expf−R a 2R b 2 ∕ 4R b R 0 R a g is omitted for simplicity as it is negligible at the condition of R a ;
Note that the formulation of Eqs. (14.conC) and (14.conV) to a form similar to Eq. (14.semi) assumes very large radius of the concave and convex geometries and large source-detector distance. Such approximations facilitate explicit analytical appearances useful to examining the changes of TD photon fluence rate versus the source-detector distance d in the concave and convex geometries in comparison to the changes in the semi-infinite geometry, for the same d. The analytical solutions or approximations developed for the concave or convex geometries, whichever form they would become, shall converge to the forms known of semi-infinite geometry, as the radius of the concave or convex interface becomes infinite. 
CHARACTERISTICS OF TIME-DOMAIN DIFFUSION IN INFINITE, SEMI-INFINITE, AND CONCAVE AND CONVEX GEOMETRIES OF LARGE RADIUS
The time to peak photon fluence rate, versus d, is then 
Then the logarithm of the product of the peak fluence rate and the 5/2 power of d reduces versus d as
where d ⊥ d · cos α is the projection of d to the azimuthal plane or the projection of d perpendicular to the longitudinal axis of the cylinder, as illustrated in Fig. 3(A) . Along the longitudinal direction, cos α 0, we have
which indicates that when the source-detector pair is aligned along the longitudinal direction, ln ⃗ Ψ max conC · d 5∕2 reduces versus d at a rate greater thank 0 . Along the azimuthal direction, i.e., cos α 1, we have We also have from Eq. (21.conC) that when the sourcedetector pair is aligned along a spiral path defined by the following relationship:
reduces versus d at a rate ofk 0 , i.e., identical to the rate when evaluated along a straight line on a semi-infinite interface. 
where d ⊥ d · cos α is defined as for concave geometry. Along the longitudinal direction, i.e., cos α 0, we have
which indicates that when the source-detector pair is aligned along the longitudinal direction, ln ⃗ Ψ max conV · d 5∕2 reduces versus d at a rate smaller thank 0 . Along the azimuthal direction, i.e., cos α 1, we have
It can be demonstrated that ln ⃗ Ψ max conV · d 5∕2 in Eq. (21.conV.azi) reduces versus d at a rate greater thank 0 .
We also have from Eq. (21.conV) that when the source-detector pair is aligned along a spiral path defined by the following relationship:
reduces versus d at a rate ofk 0 , i.e., identical to the rate when evaluated along a straight line in a semi-infinite medium geometry. R ∞ 0 x −n−1∕2 e −px e −q∕x dx−1 n π∕p p ∂ n ∕∂q n e −2 pq p . Fig. 3 . Acute angle between the source-detector line ⃗ r − ⃗ r 0 and the azimuthal plane is denoted as α, and the projection of d onto the azimuthal plan is marked as d ⊥ .
Source/Detector in an Infinite Medium Geometry
In an infinite medium geometry, the total fluence iŝ 2. Source/Detector on a Semi-Infinite Interface On a semi-infinite interface, the total fluence is obtained aŝ 
Source/Detector on a Concave Interface of Large Radius
For a large-radius concave interface, the total fluence iŝ
and the logarithm of the product of total fluence and d 2 reduces versus d as
Along the longitudinal direction, i.e., cos α 0, we have
(23.conC.longi) which indicates that when the source-detector pair is aligned along the longitudinal direction, lnF conC ⃗r 0 j ⃗r · d 2 reduces versus d at a rate greater thank 0 . Along the azimuthal direction, i.e., cos α 1, we have
It can be demonstrated that lnF conC ⃗ r 0 j⃗r · d 2 in Eq. (23.conC.azi) reduces versus d at a rate smaller thank 0 .
We also have from Eq. (23.conC) that when the sourcedetector pair is aligned along a spiral path defined by the following relationship:
lnF conC ⃗r 0 j⃗r · d 2 reduces versus d at a rate ofk 0 , i.e., identical to the rate when evaluated along a straight line in a semiinfinite medium geometry.
Source/Detector on a Convex Interface of Large Radius
For a large-radius convex interface, the total fluence iŝ
which indicates that when the source-detector pair is aligned to the longitudinal direction, lnF conV ⃗r 0 j ⃗r · d 2 decreases versus d at a rate smaller thank 0 . Along the azimuthal direction, i.e., cos α 1, we have
We also have from Eq. (23.conV) that when the sourcedetector pair is aligned to a spiral path defined by the following relationship:
lnF conV ⃗r 0 j ⃗r · d 2 decreases versus d at a rate ofk 0 , i.e., identical to the rate when evaluated along a straight line in a semi-infinite medium geometry.
D. Temporal Modulation Index with Respect to d 1. Source and Detector in an Infinite Medium Geometry
In an infinite medium geometry, the TMI is obtained as
Source and Detector on a Semi-Infinite Interface
On a semi-infinite interface, the TMI is obtained as
(24.TMI.semi)
Source/Detector on a Concave Interface of Large Radius
For a concave interface with a large radius, the TMI is obtained as
(24.TMI.conC)
Source/Detector on a Convex Interface of Large Radius
For a convex interface with a large radius, the TMI is obtained as
(24.TMI.conV)
The analytical predictions heretofore are selectively tabulated in Appendix A. The influence of the shape of the mediumapplicator interface on TD photon diffusion when compared with semi-infinite geometry is explicitly shown.
NUMERICAL IMPLEMENTATION BASED ON LARGE-RADIUS APPROXIMATION TO VISUALIZE GLOBAL FEATURES OF TIME-DOMAIN PHOTON DIFFUSION IN CONCAVE AND CONVEX GEOEMTRIES
Equations (12), (16.conC) , and (16.conV) are numerically implemented to evaluate the TD features of photon diffusion between a source and a detector aligned azimuthally or longitudinally on a concave or convex medium-applicator interface (with the assumption that the radius is fairly large) in comparison to the counterpart in a semi-infinite geometry. The optical properties of the medium are a refractive index of 1.37, μ a 0.0025 mm −1 , μ 0 s 1 mm −1 , and A 1.86 [33] . The photon fluence rate is calculated for a source-detector distance of 0.5, 1.0, 1.5, 2.0, and 2.5 cm, respectively, and for concave or convex geometry with R 0 25 cm. The numerical implementation is conducted over a total of 100 ns, and the total photon fluence rate is computed by summation of the values registered at a given position.
A. Time to Reaching the Peak Photon Fluence
The normalized temporal profiles along the longitudinal or azimuthal directions in both concave and convex geometries, in comparison to that on a semi-infinite interface, are illustrated in Fig. 4 . It is observed that the peak of the temporal profile at a given source-detector distance is reached sooner in concave geometry and later in convex geometry than along a straight line on a semi-infinite interface, for the same source-detector distance. Figure 5 displays the changes of the peak value of the photon fluence rate versus the source-detector distance along both longitudinal and azimuthal directions. It is observed in Fig. 5(A) for the concave geometry that, the decay rate of the peak photon fluence rate is smaller along azimuthal while greater along longitudinal detection than that along a straight line on the semi-infinite interface, for the same value of source-detector distance. It is observed in Fig. 5(B) for the convex geometry that, the decay rate of the peak photon fluence rate is greater along azimuthal while smaller along longitudinal detection than that along a straight line on the Fig. 4 . Normalized temporal profiles corresponding to sourcedetector distances of 0.5, 1.0, 1.5, 2.0, and 2.5 cm, along the longitudinal or azimuthal directions in both concave and convex geometries, in comparison to that on a semi-infinite medium surface. The peak is reached sooner in concave, and later in convex than in semi-infinite geometry.
B. Peak Photon Fluence
semi-infinite interface, for the same value of source-detector distance. Figure 6 illustrates the changes of the total photon fluence rate reaching a detector versus the source-detector distance along both longitudinal and azimuthal directions. It is observed in Fig. 6(A) for the concave geometry that, the decay rate of the total photon fluence rate is smaller along azimuthal while greater along longitudinal detection than that along a straight line on the semi-infinite interface, for the same value of source-detector distance. It is observed in Fig. 6(B) for the convex geometry that, the decay rate of the total photon fluence rate is greater along azimuthal while smaller along longitudinal detection than that along a straight line on the semi-infinite interface, for the same value of source-detector distance.
C. Total Photon Fluence

D. Ratio Between the Peak Photon Fluence and the Total Photon Fluence
The ratio between the peak value of the photon fluence rate and the total photon fluence rate evaluated at a specific detector versus the source-detector distance is plotted in Fig. 7 , for along both longitudinal and azimuthal directions. The ratios along both longitudinal and azimuthal directions in concave geometry are greater than the ratio along a straight line on the semi-infinite interface, and conversely for convex geometry.
DISCUSSION
With the notion that TD and FD equations of photon diffusion are a pair of Fourier transform, it is interesting to relate the patterns of TD photon diffusion as evaluated in Section 6 to those of FD photon diffusion evaluated in Part IV [26] . It is also noted that, Fourier transform converts a temporal delay to a phase advancement, but maintains the linearity of the amplitude.
In FD photon diffusion [26] , the increase of the phase of AC photon fluence versus the source-detector distance is slower on the concave medium-applicator interface and faster on the convex medium-applicator interface than that along a straight line on the semi-infinite medium-applicator interface. This pattern of the phase of FD is opposite to the pattern of the time to reaching peak photon fluence rate of TD, as shown in Fig. 4 .
Another observation of FD photon diffusion [26] has been that, the reduction of modulation depth versus the sourcedetector distance is slower on the concave medium-applicator interface and faster on the convex medium-applicator interface than that along a straight line on the semi-infinite medium-applicator interface. This pattern of the modulation depth of FD, as it is phase-related, is opposite to the pattern Fig. 5 . Peak photon fluence rate versus source-detector. (A) In concave geometry, the decay of the peak photon fluence rate is slower along azimuthal while faster along longitudinal direction than that along a straight line on the semi-infinite interface. (B) In convex geometry, the decay of the peak photon fluence rate is faster along azimuthal while slower along longitudinal direction than that along a straight line on the semi-infinite interface. Fig. 6 . Total photon fluence rate versus source-detector. (A) In concave geometry, the decay of the total photon fluence rate is slower along azimuthal while faster along longitudinal direction than that along a straight line on the semi-infinite interface. (B) In convex geometry, the decay rate of the total photon fluence rate is faster along azimuthal while slower along longitudinal direction than that along a straight line on the semi-infinite interface. Fig. 7 . Changes of TMI (the ratio between the peak value of the photon fluence rate and the total photon fluence rate), versus sourcedetector distance along both longitudinal and azimuthal directions. The ratios along both longitudinal and azimuthal directions in concave geometry are greater than the ratio along a straight line on the semiinfinite interface, and conversely for convex geometry.
of the ratio between the time to reaching peak photon fluence rate over the total photon fluence rate of TD, as shown in Fig. 7 .
The third observation of FD photon diffusion [26] has been that, the decay of the AC amplitude of photon fluence versus the source-detector distance is slower in case-azi and faster in case-longi on the concave medium-applicator interface, and conversely faster in case-azi and slower in case-longi on the convex medium-applicator interface, than that along a straight line on the semi-infinite medium-applicator interface. This pattern of the AC amplitude of FD is the same as the pattern of the peak photon fluence rate of TD, as shown in Fig. 5 .
Finally, Part I has shown that the decay of the DC amplitude of photon fluence versus the source-detector distance is slower in case-azi and faster in case-longi on the concave medium-applicator interface, and conversely faster in case-azi and slower in case-longi on the convex mediumapplicator interface, than that along a straight line on the semi-infinite medium-applicator interface. This pattern of the DC amplitude of photon diffusion is, not surprisingly, the same as the pattern of the total photon fluence rate of TD as shown in Fig. 6 , because the total photon reaching a detector point corresponds to the DC photon fluence rate.
CONCLUSION
The study assesses the characteristics of TD photon diffusion versus the line-of-sight source-detector distance along the azimuthal or longitudinal direction on the concave or convex medium-applicator interface. By comparing to their counterparts evaluated along a straight line on a semi-infinite medium-applicator interface versus the same source-detector distance, the following patterns are indicated: (1) the peak photon fluence rate is always reached sooner in concave and later in convex geometry; (2) the peak photon fluence rate decreases slower along the azimuthal and faster along the longitudinal direction on the concave interface, and conversely on the convex interface; (3) the total photon fluence decreases slower along the azimuthal and faster along the longitudinal direction on the concave interface, and conversely on the convex interface; (4) the ratio between the peak photon fluence rate and the total fluence is always greater in concave geometry and smaller in convex geometry. The total fluence is equivalent to the steady-state photon fluence analyzed in Part I. The patterns of peak fluence rate, time to reaching peak fluence rate, and the ratio of these two, correspond to those of AC amplitude, phase, and modulation depth of frequency-domain results demonstrated in Part IV, in a Fourier-transform perspective.
APPENDIX A 
